Aims/hypothesis Metabolomics approaches in humans have identified around 40 plasma metabolites associated with insulin resistance (IR) and type 2 diabetes, which often coincide with those for obesity. We aimed to separate diabetesassociated from obesity-associated metabolite alterations in plasma and study the impact of metabolically important tissues on plasma metabolite concentrations. Methods Two obese mouse models were studied; one exclusively with obesity (ob/ob) and another with type 2 diabetes (db/db). Both models have impaired leptin signalling as a cause for obesity, but the different genetic backgrounds determine the susceptibility to diabetes. In these mice, we profiled plasma, liver, skeletal muscle and adipose tissue via semiquantitative GC-MS and quantitative liquid chromatography (LC)-MS/MS for a wide range of metabolites. Results Metabolite profiling identified 24 metabolites specifically associated with diabetes but not with obesity. Among these are known markers such as 1,5-anhydro-D-sorbitol, 3-hydroxybutyrate and the recently reported marker glyoxylate. New metabolites in the diabetic model were lysine, Ophosphotyrosine and branched-chain fatty acids. We also identified 33 metabolites that were similarly altered in both models, represented by branched-chain amino acids (BCAA) as well as glycine, serine, trans-4-hydroxyproline, and various lipid species and derivatives. Correlation analyses showed stronger associations for plasma amino acids with adipose tissue metabolites in db/db mice compared with ob/ob mice, suggesting a prominent contribution of adipose tissue to changes in plasma in a diabetic state. Conclusions/interpretation By studying mice with metabolite signatures that resemble obesity and diabetes in humans, we have found new metabolite entities for validation in appropriate human cohorts and revealed their possible tissue of origin.
Introduction
Metabolomics studies in humans have identified plasma metabolite signatures comprising around 40 entities that associate Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3656-y) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
with the development of insulin resistance (IR) and type 2 diabetes [1] . The most discriminating metabolites are the branched-chain (BCAA) and aromatic amino acids (AAA) as well as glycine and some other amino acid degradation products. Despite the fact that the changes in plasma BCAA and glycine have already been described by Felig et al as resulting from the 'insulin ineffectiveness characteristic of obesity' [2] , the mechanisms leading to these changes are still not known. In addition to the amino acid markers, recent profiling studies have added numerous lipid species such as oddchain fatty acids and various triacylglycerol species to the growing list of diabetes markers (for review see [3] ).
A major confounder in studies on human IR and type 2 diabetes is obesity. Although most human studies in search of diabetes-derived metabolites are corrected for BMI, it is known that obesity and diabetes have multi-level associations. In this context, it is thus relevant to ask whether the identified plasma metabolites have just a reporter status or are also causative or at least contributing to IR or type 2 diabetes development and/or progression. This, for example, has been proposed for the BCAA, which increase in concentration in the obese state and appear to contribute to IR via a crosstalk of mechanistic target of rapamycin (mTOR) and insulin signalling pathways [4] . For a separation of obesity-related from diabetes-dependent changes we here describe findings employing mouse models for both conditions with assessment of metabolite changes in plasma and in insulin-sensitive tissues such as liver, muscle and adipose tissue, which may help to identify the origins of the plasma changes.
Both ob/ob and db/db mouse models have defective leptin signalling with a lack of leptin expression in ob/ob mice and a leptin-receptor deficiency in db/db mice. Most importantly, owing to their different genetic backgrounds, they possess different susceptibilities to develop diabetes. The ob/ob mice on the C57BL6/J background are able to compensate for IR and develop only a mild and transient hyperglycaemia associated with pancreatic hypertrophy and hyperplasia. In contrast, pancreatic tissue of db/db mice on the C57BLKS/J background undergoes atrophy resulting in a decline in insulin secretion and severe hyperglycaemia [5] . Coleman and Hummel showed that the difference in the mutation of the leptin-signalling components (either hormone or receptor) plays only a minor role in the susceptibility to develop diabetes [6] . Introduction of the ob mutation in mice with the C57BLKS/J background revealed the same strong diabetes phenotype as in C57BLKS/J mice with the db mutation. The ob/ob model thus develops obesity and milder IR but is rather resistant to diabetes, whereas the db/db model develops both obesity and diabetes with loss of beta cells. We used both models with animals matched by age and sex, and fed identical diets for 12 weeks for comparative metabolite profiling. We identified various previously described marker metabolites and also new compounds which we classified as 'caused by obesity with normoglycaemia' or 'caused by diabetes with severe hyperglycaemia'.
Methods
Animals Male db/db mice and C57BLKS/J wild-type littermates (n=6-10 per group) were purchased from Charles River Laboratories (Sulzfeld, Germany). Male ob/ob mice and C57BL6/J wild-type littermates (n=6-10 per group), bred at the Research Center of Nutrition and Food Sciences (ZIEL), were obtained at the age of 5 weeks. Mice were kept on a standard-chow diet (ssniff V1534-0 R/M-H) for 3 weeks and were then placed on a chemically defined control diet (CCD; ssniff E15000-04 EF R/M Kontrolle) for 12 weeks. All mice had ad libitum access to food and water and were housed in the same open mouse facility. Body weight was determined weekly, and blood glucose was measured shortly before the end of the feeding trial. Animals were killed in a non-fasted state at an age of 20 weeks. Animal handling was conducted according with the Principles of Laboratory Care and was approved by the Veterinary Inspection Services.
Plasma and tissue collection Blood was collected into EDTA-coated tubes via cardiac puncture and centrifuged at 1,200 g and at 4°C to separate plasma. Plasma and tissues (liver, quadriceps muscle and epididymal adipose tissue) were collected, snap-frozen in liquid nitrogen, and stored at −80°C. Frozen tissues were ground prior to extraction of metabolites.
Sample preparation and metabolite profiling of mouse samples Broad metabolite profiling of plasma, liver, muscle and adipose tissue was performed using GC-MS (Agilent 6890 GC coupled to an Agilent 5973 MS System, Agilent, Waldbronn, Germany) and liquid chromatography-tandem MS (LC-MS/MS; Agilent 1100 HPLC, API 4000, Applied Biosystems, Darmstadt, Germany). In addition, for quantitative amino acid profiling of plasma, liver and muscle tissue, targeted LC-MS/MS (AB SCIEX QTrap 3200 LC-MS/MS System, AB SCIEX, Framingham, MA, USA) was applied using the aTRAQ Reagent Kit (Applied Biosystems, Darmstadt, Germany). Samples were analysed in a blinded and randomised analytical sequence design. See Electronic Supplementary Material (ESM) Methods for details on sample preparation and metabolite profiling.
Data analysis and metabolite selection Plasma metabolite concentrations in ob/ob and db/db mice were compared with their respective wild-type background and significantly changed metabolites were calculated by computing ANOVA models and using Student's t statistics (unpaired and unequal variance). A significance threshold of α<0.05 was applied. Adjustment of p values according to Benjamini and Hochberg was applied to correct for multiple testing. Metabolites were categorised based on their significance level in both mouse models or their specific change in either of the models compared with respective wild-type mice.
We used principal component analysis (PCA) to identify the major metabolite groups in the plasma data. Subsequent k-means clustering on the five principal components identified 15 major metabolite groups in plasma. Refinement of the clustering results was done by bootstrapping the k-means clustering algorithm 20 times. The overall significance of each cluster between ob/ob and C57BL6/J mice, and between db/ db and C57BLKS/J mice, was determined by combining the p values from each metabolite derived from the comparison of concentrations between knockout and wild-type groups using Fisher's combined probability test. Finally, correlation networks for every cluster were calculated using pairwise correlations based on the metabolite concentrations in plasma and corresponding metabolite concentrations in tissues. The statistical software environment R was used for calculations and network visualisations [7] applying the packages 'FactoMineR', 'fpc', 'MADAM' and 'qgraph'. No animals, samples or data were excluded from the reporting.
Quantitative measurement of phospholipids in human plasma Phospholipids and sphingomyelins were measured in samples from human prediabetics and healthy controls using flow injected MS (MS/MS, QTRAP5500, AB SCIEX, Framingham, MA, USA). All participants gave written informed consent and the investigations have been approved by the ethics committee of the Technische Universität München (protocol 2436/09). See Hoefle et al [8] and ESM Methods for further details.
RNA isolation and quantitative real-time PCR analysis RNA isolation and relative quantification of mRNA expression was performed as described previously with a few modifications [9] . See ESM Methods for further details and ESM Table 1 for applied primers.
Results
Phenotypic characterisation of ob/ob and db/db mice and PCA of metabolite profiles Over 12 weeks of feeding, a dramatic weight gain was observed in both knockout mouse groups (Fig. 1a) . Blood glucose concentrations were only increased in db/db mice (Fig. 1b) and plasma insulin levels were increased up to 35-fold in ob/ob mice and 2.5-fold in db/db mice compared with wild-type animals (Fig. 1c) . Furthermore, increases in liver and adipose tissue mass and decreases in muscle mass were observed in both ob/ob and db/db mice ( Fig. 1d-f ).
PCA of plasma and tissue metabolite profiles showed a close relationship between wild-type mice from both groups (Fig. 2) , while both knockout groups separated from wild-type groups and from each other (for plasma and adipose tissue, in the first and second dimensions; and for liver, in the second dimension). Muscle tissue of wild-type strains separated in the second dimension (not shown), while knockout animals differentiated in the third dimension.
Plasma metabolite changes From the 170 metabolites quantified in plasma, 33 metabolites changed significantly in both ob/ob and db/db mice compared with respective wild-type animals ( Table 1) . Except for serine, changes in plasma concentrations remained significant after adjustment for multiple testing. Prominent increases were observed for metabolites from diverse lipid classes, such as polyunsaturated fatty acids, (lyso)phosphatidylcholines, sphingomyelins and fatty alcohols as well as cholesterol and some cholesteryl ester species, while behenic acid (C22:0) was decreased. Common increases were also observed for BCAA and leucine-derived α-ketoisocaproic acid, while glycine, serine and trans-4-hydroxyproline levels were decreased. These metabolites thus seem to change in the early phases of IR and type 2 diabetes but mostly as a consequence of obesity. Twenty-four metabolites changed specifically in the plasma of db/db mice (Table 2) , of which 12 remained significant after p value adjustment. Besides increases in glucose, elevated levels of glyoxylate were found, which we recently described as a diabetes marker [10] . In addition, corticosterone and 18-hydroxy-11-deoxycorticosterone concentrations were markedly elevated. Specific increases were also found for the branched-chain fatty acids 16-methylheptadecanoic acid and 3-hydroxyisobutyrate, as well as for O-phosphotyrosine, while lysine, arginine and lignoceric acid (C24:0) were decreased. Specific increases in db/db mice were also found for phospholipids containing linoleic acid. Strong trends for changes in plasma concentrations of N,N-dimethylarginine (ADMA) and 3-hydroxybutyrate were found, suggesting a mild ketogenic condition.
In plasma of ob/ob mice, 35 metabolites changed significantly (ESM Table 2 ). Of those, 24 remained significant after p value adjustment, comprising even-numbered fatty acids in unesterified forms and in ceramides, phospholipids, sphingolipids and cholesteryl esters with major increases, while triacylglycerols were reduced. Interestingly, whereas various branched-chain fatty acids were elevated in db/db mice, decreases of branched-chain isopalmitic acid and oddchain C17:0 lysophosphatidylcholine were found in ob/ob mice. Specific increases of phenylalanine and tryptophan levels were also observed in ob/ob animals, while tryptophan breakdown-products kynurenic acid and xanthurenic acid were reduced. In contrast, indole-3-propionic acid and 
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a Metabolite changes are expressed as ratios of metabolite concentrations in knockout mice compared with the respective control mice n.s., not significant; PC, Phosphatidylcholine 3-indoxylsulfate, arising from bacterial tryptophan breakdown [11] , increased in plasma. Moreover, ob/ob mice displayed strong increases in ornithine and decreases in α-aminobutyrate concentrations in plasma.
Metabolite changes in liver, quadriceps muscle and epididymal adipose tissue Metabolite profiles were obtained from liver, quadriceps muscle and epididymal adipose tissue as metabolically important and insulin-dependent organs. An overview of hepatic metabolite concentration changes in ob/ob and db/db animals compared with respective wildtype animals is shown in ESM Fig. 1a,b . Metabolites from different lipid classes were dramatically increased in both models with stronger increases in ob/ob mice, while verylong-chain fatty acid levels were decreased (ESM Fig. 1a) . Furthermore, both models displayed increased BCAA and reduced glycine and trans-4-hydroxyproline concentrations. Most pronounced differences in liver between ob/ob and db/ db mice were found for pentoses and intermediates of the pentose phosphate pathway with increases in db/db mice and decreases in ob/ob mice (ESM Fig. 1b) . ESM Fig. 1c,d show metabolite concentration changes in muscle tissue in the two knockout mouse groups compared with the respective control mice. Both models displayed strongest elevations in free long-chain fatty acids, represented by straight-, branched-and odd-chain forms, with a more pronounced increase in the ob/ob group (ESM Fig. 1c ). In contrast to liver tissue, no changes were observed for phospholipids. Marked differences between ob/ob and db/db groups were found for intermediates of the glycolytic chain comprising fructose-6-phosphate, fructose-1,6-diphosphate, glucose-6-phosphate and 3-phosphoglycerate, which all increased dramatically in ob/ob but only modestly in db/db mice (ESM Fig. 1d) .
Adipose tissue displayed a strong decrease in levels of saturated very-long-chain fatty acids in both models (ESM Fig. 1e ). Other fatty acids-in particular monounsaturated and polyunsaturated species-had increased concentrations. Furthermore, the tricarboxylic acid (TCA) cycle intermediates malate and fumarate were increased. Cholesterol showed increased concentrations in ob/ob mice and decreased concentrations in db/db mice (ESM Fig. 1f) .
Identification of principal metabolite groups in plasma PCA, with subsequent clustering on principal components, identified 15 metabolite clusters in plasma. Metabolites clustered into groups with biochemical similarity or with common metabolic pathways. ESM Table 3 displays the overall significance of the clusters reached for the two knockout models as compared with wild-type mice. Five metabolite clusters displayed high significance for both knockout models (clusters 4, 8, 10, 13, 15) , consisting of phospholipids, triacylglycerols, AAA and BCAA, as well as glycine, histidine and trans-4-hydroxyproline. Interestingly, four clusters (clusters 1, 5, 9, 11)-mainly consisting of amino acids, hexoses and catabolites-showed overall significant changes only between db/db and C57BLKS/J wild-type mice. Similarly, two clusters (clusters 3 and 6) showed an overall significant change only between ob/ob and corresponding control mice. These clusters consisted of fatty acids, TCA cycle intermediates and cholesteryl esters.
Correlation networks of plasma and tissue metabolites To explore which tissue contributes most to the changes in blood metabolites, correlation networks for every metabolite cluster between plasma and the different organs were calculated. Selected networks are displayed in Fig. 3 . Clearest differences between the correlation networks of ob/ob and db/db mice were obtained for clusters 11 and 13 containing amino acids. For cluster 11, especially adipose tissue correlated strongly with plasma in the db/db model, while correlations with liver metabolites remained weak. In the ob/ob model, in contrast, liver revealed much stronger correlations. The same interdependence was observed for cluster 13, containing the BCAA. Most distinct was the network for the db/db model revealing strong positive correlations for BCAA between plasma and adipose tissues while correlations with liver were weak. The product of leucine transamination, α-ketoisocaproic acid, correlated negatively with adipose tissue leucine content. In contrast, in ob/ob mice, α-ketoisocaproic acid correlated strongest in a positive manner with liver. The observed clustering suggests an important contribution of adipose tissue to plasma amino acid concentrations in the db/db and far less so in the ob/ob model, whereas the liver appears to exert more influence in the ob/ob model.
Discussion
Obesity, IR and type 2 diabetes in humans cause significant changes in an array of plasma metabolites of which some have the quality to predict diabetes development in early phases [1] . In mouse models mimicking the human conditions of type 2 diabetes development, we assessed which metabolite changes associate mainly with obesity and which are specific for the diabetic state. Despite a common obesity phenotype, the mice display different impairments in glucose homeostasis and beta cell function resembling an obese phenotype with a mild IR (ob/ob) or a fully developed type 2 diabetes (db/db). By using appropriate wild-type mice as controls, we eliminated putative effects of the different genetic backgrounds. In addition to plasma, we generated metabolite profiles of liver, muscle and adipose tissue as an explorative approach which could provide indications on the origins of plasma metabolite changes. With this strategy, metabolites were identified that changed in concentrations in both the ob/ob and the db/db mice when compared with their respective wild-type background, and we also found metabolites that specifically mark the obese state without diabetes or the diabetic state on a background of obesity.
In addition, we compared metabolite changes in mice with alterations observed in two independent human studies comprising either prediabetic or diabetic individuals (ESM Tables 4 and 5 ). Prediabetic participants were defined by the WHO's criteria and diabetic patients were defined according to self-reporting, and/or type-2 diabetes medication, and/or HbA 1c >6.5% (47.5 mmol/mol) and fasting plasma glucose levels >5.55 mmol/l. While parts of both studies were recently published [8, 12] , we focused on novel metabolite measurements from these studies and could identify similar changes in human plasma for various known but also several yet undescribed metabolites. Interestingly, while most changes in phospholipid concentrations of prediabetic individuals were concordant with the alterations in both ob/ob and db/db mice, metabolite profiles of diabetic individuals showed strongest similarities to db/db mice, substantiating the discriminant power of the specific alterations observed in plasma from mice in this study. Common alterations in lipid profiles reflect changes in de novo lipogenesis as a consequence of impaired leptin and insulin signalling Most pronounced in both models were increases in long-chain fatty acids and corresponding phospholipids, in plasma and predominantly in liver. It is well established that hepatic de novo lipogenesis is increased in obese and IR states leading to non-alcoholic fatty liver disease (NAFLD) [13] . Leptin is known to suppress stearoyl-CoA desaturase (SCD-1) which catalyses the synthesis of monounsaturated fatty acids [14] . The primary lack of leptin signalling in both mouse models may thus explain the observed increases in hepatic palmitoleic and oleic acid levels. Insulin controls de novo lipogenesis and both models are hyperinsulinaemic, which in turn affects liver as an insulindependent organ. Despite a developing IR, the hepatic sterol regulatory element-binding protein (SREBP)-1c signalling pathway remains insulin sensitive [15] . Increases in hepatic levels of long-chain fatty acids, polyunsaturated fatty acids and related phospholipids may well reflect changes of enzymes encoded by SREBP-1-dependent genes [16] . Remarkably, most saturated and monounsaturated fatty acids of 20-24 carbon units decreased in plasma, liver and adipose tissue, which could be a consequence of altered elongase-1 levels, the prime enzyme in the production of very-longchain fatty acids [17] . Increased levels of isopentenyl pyrophosphate suggest enhanced hepatic cholesterol synthesis, regulated by SREBP-1a [18] and SREBP-2 [19] . Skeletal muscle also showed strong increases in concentrations of long-chain fatty acids in ob/ob and db/db mice. Although muscle tissue is not thought to significantly contribute to overall lipid production, ectopic lipid accumulation is associated with IR and NEFA in tissues, including muscle, and is thought to cause lipotoxicity and promote IR. Although increased fatty acid levels may indicate a larger supply from plasma by enhanced adipose tissue lipolysis or decreased fatty acid clearance [20, 21] , increased activity of muscle-specific fatty acid synthase (FAS) might also contribute to increased levels of fatty acids [22] .
Specific metabolite changes in db/db mice relate to hyperglycaemia and comorbidities In contrast to ob/ob mice, db/db animals are highly hyperglycaemic with only modestly elevated insulin levels, reflecting the increased susceptibility of db/db mice to beta cell exhaustion [5] . The db/db mice displayed specific changes in plasma metabolites, which were previously reported as associated with hyperglycaemia and its comorbidities. Decreased ADMA levels, related to altered endothelial functions, were reported for type 2 diabetes [23] ; and low plasma levels of 1,5-anhydrosorbitol that result from competitive inhibition of reabsorption via glucose transporters in kidney by the high load of filtered glucose are also known in type 2 diabetes [24] . Furthermore, glyoxylate, recently described as a new marker for diabetes [12] , was strongly increased in plasma of db/db mice. Decreased creatinine concentrations reflect a reduced muscle mass [25] here showing a stronger decrease in the db/db model. This is associated with increased muscle catabolism causing the observed rise in plasma amino acids and elevated glucocorticoid levels. Last, the increase in plasma O-phosphotyrosine might relate to elevated platelet activation as a result of the hyperglycaemic state [26, 27] . Most interestingly, phosphotyrosine appeared in the same cluster with glucose and glyoxylate (see ESM  Table 3 ).
Correlation networks and gene expression analysis suggest an increased role for adipose tissue in the db/db mice and for liver in ob/ob mice Both knockout models showed increased levels of BCAA and α-ketoisocaproic acid, the transamination product of leucine, in plasma and tissues. Leptin and insulin both contribute to the maintenance of muscle protein [16, 28] . Disturbances in leptin signalling and IR in turn increase protein degradation in muscle releasing amino acids into circulation. While most amino acids are used for hepatic gluconeogenesis, BCAA show a different fate. A significant contribution of adipose tissue to the metabolism of BCAA has become obvious in recent years. In 2007, She et al showed a decreased protein level and activity of the mitochondrial branched-chain amino acid transferase (BCAT2) and the rate-limiting branched-chain keto acid dehydrogenase (BCKDH) complex in obese rodents [29] . The networks for the BCAA cluster (cluster 13, see Fig. 3c,d) showed strong correlations between plasma and adipose tissue in the db/db but not in ob/ob mice. However, analysis of mRNA levels in adipose tissue showed similar decreases in both knockout models for Bckdha, the gene encoding the E1α component of the BCKDH complex, as well as for the kinase (Bckdk) and for the phosphatase (Ppm1k) regulating BCKDH activity, while Bcat2 remained unchanged (see ESM Fig. 2 ). This finding suggests that, in mice, other tissues likely contribute to the changes in BCAA levels. A recent study describes the effects of insulin on hepatic protein levels and activity of BCKDH in controlling BCAA catabolism [30] . Since ob/ ob mice are hyperinsulinaemic, the plasma BCAA concentrations may be influenced more strongly by hepatic BCKDH in ob/ob mice, which is also supported by the strong correlations of plasma α-ketoisocaproic acid and hepatic BCAA in the correlation network of the ob/ob mice.
Changes in branched-chain fatty acids may link to BCAAderived precursors Interestingly, plasma concentrations of odd-numbered and branched-chain fatty acids changed in different directions in the two mouse models. Whereas 16-methylheptadecanoic acid was specifically increased in db/ db mice, ob/ob mice showed a decrease in C17 lysophosphatidylcholine (LPC C17:0) levels and a strong trend for a decrease for isopalmitic acid. In cohort studies, plasma levels of LPC C17:0 were recently reported to be reduced in type 2 diabetes patients [1, 31] . How odd-chain and branched-chain fatty acids link to IR and type 2 diabetes is currently not known. However, 3-hydroxyisobutyric acid, a branched short-chain fatty acid derived from valine breakdown, was specifically increased in db/db mice. As shown in rat epididymal adipose tissue, FAS can generate odd/ branched long-chain fatty acids from propionyl-CoA and branched-chain C4-and C5-iso-acyl-CoAs as primers which are all intermediates of BCAA breakdown [32] . An aberrant availability of short-chain acyl-CoA primers for use in fatty acid synthesis could explain the changes in odd-and branched-chain fatty acid concentrations found in plasma in an insulin-resistant or diabetic state.
Conclusion We compared metabolite profiles in plasma and selected tissues of two mouse models with obesity but different stages of diabetes development. With this approach, we could define metabolites that change in the obese states and those that depend on insulin action and are associated with severe hyperglycaemia. Analysis of liver, muscle and adipose tissue revealed dominant changes in fatty acid and amino acid metabolism, with a more dominant role for adipose tissue in the diabetes model. We also identified new marker metabolites with significant changes in tissues and plasma and found similar changes for various metabolites in plasma from human prediabetic and diabetic volunteers.
